Food allergy is a growing global public health concern. As treatment strategies are currently limited to allergen avoidance and emergency interventions, there is an increasing demand for appropriate models of food allergy for the development of new therapeutics. Many models of food allergy rely heavily on the use of animals, and while useful, many are unable to accurately reflect the human system. In order to bridge the gap between in vivo animal models and clinical trials with human patients, human models of food allergy are of great importance. This review will summarize the commonly used human ex vivo and in vitro models of food allergy and highlight their advantages and limitations regarding how accurately they represent the human in vivo system. We will cover biopsy-based systems, precision cut organ slices, and coculture systems as well as organoids and organ-on-a-chip. The availability of appropriate experimental models will allow us to move forward in the field of food allergy research, to search for effective treatment options and to further explore the cause and progression of this disorder.
INTRODUCTION
The prevalence of food allergy has dramatically increased in the last two decades. While some studies suggest a peak prevalence of up to 10% in younger age groups in countries like Australia, estimates are often hampered by errors in self-diagnosis and reporting [1] [2] [3] . Despite the upsurge in both occurrence and awareness, much of the cause and progression of this disease remains unknown. There is no known cure for food allergy. Furthermore, there are no definitive prevention strategies in place. Currently, no standardized, approved treatments are available. Thus, management is limited to avoidance of the offending allergen and emergency interventions when required [4] . Symptoms range from mild urticarial reactions to life threatening anaphylaxis. Food induced reactions are reported to account for 20%-50% of hospital admitted anaphylaxis cases in Asia, Europe, North America, and Australia [3] . Notably, in the Republic of Korea alone, the incidence of anaphylaxis increased nearly 2 fold from 2008 to 2014 [5] .
Food allergies generally manifest in early life, and while certain allergies such as milk, egg and soy tend to be lost with age, many allergies including peanut and tree nuts are rarely lost and often persist into adulthood [6] . Thus, patients must cope with the fear of experiencing a potentially fatal reaction throughout their lifetime. The complex nature of this affliction continues to challenge scientists, as both the cause and progression of food allergies is multifactorial. While genetic predisposition continues to be a considerable risk factor in the development of allergies, the rapid increase in prevalence suggests an additional component of environmental risk [7, 8] . Indeed, many recent studies have proposed roles for hygiene, diet, microbiome diversity, obesity and many other environmental and lifestyle factors in the development of food allergies [9] . Unique properties of food proteins and certain methods of food processing (e.g., dry-roasting of peanuts) may also contribute to their allergenicity [9, 10] . As such, there is a great need for appropriate experimental models that have the complexity to represent the human situation and help to translate animal data into novel therapies for food allergy. This review will discuss human in vitro and ex vivo disease models used to study aspects of IgE-mediated food allergy, as well as a few models with potential to be used for this application. While non-IgE mediated food allergies also exist, this review will be focusing exclusively on the severe, acute nature of IgE mediated food allergies.
FOOD ALLERGY DEVELOPMENT
Food allergies can broadly be defined as an adverse immune reaction that occurs reproducibly upon exposure to a given food [11] . Reponses involve both the innate and adaptive arms of the immune system and implicate multiple organ systems. The current understanding of the development of IgE-mediated food allergies involves 2 stages: sensitization and re-exposure [12] . During the symptom-free sensitization phase, the immune system of an individual first encounters the allergen which primes allergen specific Th2 type T cells. These cells then facilitate B-cell activation and are instrumental in promoting IgE isotype switching. This results in the development and release of allergen specific IgE antibodies. These antibodies go on to bind to the high-affinity IgE receptor FcԑRI on tissue-resident mast cells and circulating basophils, otherwise known as the main effector cells of the allergic response. Although the low affinity receptor FcԑRII present on eosinophils, B cells, T cells, monocytes, macrophages, platelets, and Langerhans cells also bind IgE antibodies, the exact role of this receptor in the allergic cascade is not entirely clear [13] .
Upon re-exposure to the allergen, the specific IgE antibodies bound to FcԑRI recognize and bind to the allergen, crosslink, and induce degranulation of the effector cells, releasing preformed inflammatory mediators, initiating an allergic response. This may result in systemic anaphylaxis, which can be fatal if not treated with epinephrine shortly after exposure (Fig. 1) .
LIMITATIONS OF ANIMAL MODELS
Many food allergy studies have been performed in animal models [14] . Animals retain the physiological complexity required to mount an allergic response including an immune system, native microbiota and the integration of multiple organ systems. These models have been instrumental in our current understanding of food allergies and essential for the development and assessment of potential treatment options. However, in vivo experiments tend to be time-consuming, costly, and often limited by ethical constraints. Additionally, animal studies may fail to accurately represent human disease states. This may be due to subtle but relevant differences in the mammalian immune systems [15] . For example, unlike humans, rodents do not express the high affinity IgE receptor on dendritic cells (DCs) or monocytes under homeostatic conditions [16] . These cells are considered critical for the development and progression of food allergy in humans [17] . In particular, FcԑRI + DCs have been proposed to have a key role in allergen presentation and priming naïve T cells to specific epitopes of IgE-reactive antigens which functions to amplify allergic responses as a whole [18] . In addition, certain treatments developed for atopic diseases that were highly efficacious when tested in animal models, do not always show the same results in human clinical trials, highlighting the substantial differences in the mammalian immune systems [15, [19] [20] [21] .
In order to narrow this gap, humanized mouse models have been successfully created and tested. This approach allows the animal model to better reflect the human adaptive immune system. NSG-SGM3 mice engrafted with human hematopoietic stem cells (HSC), liver and thymus developed high numbers of human tissue-resident mast cells. These mice exhibited a passive cutaneous anaphylaxis (PCA) response measured by ear swelling as well as a passive systemic anaphylaxis response measured by a decrease in body temperature and increase in observable symptoms upon sensitization with a chimeric IgE-anti-NP antibody and challenge with NP conjugated bovine serum albumin [22] . Humanized mouse models of food-induced systemic anaphylaxis have also been generated. NSG mice engrafted with peripheral blood mononuclear cells from peanut allergic donors have been sensitized to peanuts via intraperitoneal injection of peanut extract. These mice expressed peanut-specific IgE and symptoms of an allergic reaction upon challenge with peanuts. Administration Fig. 1 . Schematic of allergic sensitization and re-exposure. Sensitization: Food allergens can cross the luminal barrier by transcellular or paracellular transport, or through direct luminal antigen sampling by dendritic cells (DCs). These allergens are picked up and processed by DCs which can then migrate to mesenteric lymph nodes (MLN) and present the allergen to naïve CD4+ T cells in the context of MHC II. These T cells can then differentiate into Th2 cells that secrete pro-allergic cytokines that influence B cells to become IgE secreting plasma cells. These allergen-specific IgE antibodies can then bind to the FcεRI (high affinity IgE receptor) expressed on the main effector cells of the allergic response, including mast cells and basophils. Re-sensitization: Upon reexposure to the allergen, the allergen-specific IgE on the surface of the effector cells can bind, crosslink and activate the cell leading to degranulation of pro-inflammatory mediators. The release of these factors can cause multiple downstream effects and result in the recruitment of other inflammatory cell subsets. APC, antigenpresenting cell; IL, interleukin; MHC, major histocompatibility complex; LTC4, leukotriene C4; LTB4, leukotriene B4; LTE, leukotriene E; PDG D2, prostaglandin D2; PAF, platelet-activating factor.
of omalizumab blocked peanut-induced anaphylaxis [23] . Similarly, NSG mice carrying a human sfc (stem cell factor) transgene engrafted with human HSCs and sensitized to peanuts via gavage feeding displayed peanut-induced systemic anaphylaxis. In this model, treatment with omalizumab also prevented anaphylaxis [24] . These models provide a useful tool to study food-induced anaphylaxis and test potential therapies for food allergy. However, the physiological and anatomical differences between species continue to make comparison and translation of data into human studies difficult. Furthermore, a recurring theme in the use of animal models in food allergy studies is the required induction of disease either through genetic or physical manipulation. The incidence of naturally developed food allergies in animals is uncommon, so it may be the case that these induced allergic responses do not accurately reflect the human situation.
Despite these limitations, animal models are an essential part of food allergy research and will continue to be used in the future. However, these restrictions in conjunction with ethical incentives encourage the reduction, refinement and replacement of animal studies with novel approaches.
Human in vitro and ex vivo models may be the most appropriate option for food allergy studies that precede the transition from rodent to human in vivo interventions. In addition to the highly relevant and directly translatable data produced, these models significantly reduce patient risk. Not only can these models be used to test hypotheses directly in a human system, but also to find new drug targets, test potential therapeutics before clinical trials to prevent adverse outcomes, and for use as potential diagnostic tools. They may also be used to prioritize drug testing in a more accurate and efficient manner.
Although single cell cultures are technically classified as human in vitro models, they will not be described in this review. While they are useful for studying certain aspects of food allergy, they do not necessarily reflect the complex interplay between the different cell types in the body.
TYPES OF IN VITRO AND EX VIVO ALLERGY MODELS Biopsy based models
Biopsies are a straight forward and common approach to gather biological specimens for clinical assessment and diagnosis. These procedures are usually minimally invasive, and the procured samples contain all the different cell types involved in the disease model. Biopsy samples can then be cultured in specialized media and remain viable for short term experiments. Depending on the extraction procedure, tissue explants maintain the 3-dimensional structure of the organ and provide tissue-specific signals which are invaluable aspects of these models. This approach is also applied frequently to obtain site specific effector cell populations for means of phenotypic and functional characterization and expansion (Fig. 2E) .
Bronchial biopsies taken from asthmatic patients are sources of fully differentiated lung tissue that contain the cellular repertoire required to study allergen specific responses [19] . When these samples are exposed to allergen in culture, they can reflect the allergic response of asthmatic lung tissue, predominantly by cytokine production including interleukin (IL)-5, IL-4, IL-13, IL-16, and RANTES (Regulated upon Activation, Normal T cell Expressed, and Secreted) as well as increased chemotactic activity of Th2 cells [25] [26] [27] [28] [29] . The importance of site-specificity has been demonstrated when comparing allergen-specific stimulation 4/13 https://apallergy.org https://doi.org/10.5415/apallergy.2019.9.e4
Human models of food allergy of bronchial biopsies to PBMC cultures, as it revealed differences in activation and costimulation requirements [27, 30] . Allergen stimulation of bronchial explants from asthmatic patients significantly increased production and release of IL-5 but did not affect granulocytemonocyte colony-stimulating factor or IL-13 release, in contrast to the previously cited study. Additionally, treatment with a CD28 signalling blocker had no effect on IL-5 production. Organoids can be generated using gut samples from human donors, the crypts are then isolated and used to form mini-gut cultures [57] . (D) Precision cut organ slices require the formation of tissue cores from agarose filled organs that are then cut into thin slices of fixed thickness. These slices are then incubated and used for experimentation. (E) Biopsy based models utilize tissue directly extracted from the organ of interest which is subsequently cultured and used for experimentation.
However, PBMCs from the same patients exhibited increased IL-5 and IL-13 production upon allergen stimulation, and was effectively inhibited by the CD28 signalling blocker [27] . Similarly, asthmatic bronchial biopsies treated with anti-CD80 and anti-CD86 mAbs blocked allergen-induced cytokine release, whereas cytokine production from asthmatic PBMCs was unaffected by anti-CD80 mAbs [30] . Both studies cite the presence or absence of costimulatory molecules as explanations for the differences seen in cytokine production. Thus, they demonstrate the importance of the tissue microenvironment in the development of the disease as a whole.
Gut biopsy samples have also been used for short-term culture to study food allergy. Duodenal biopsy samples from food allergic patients exposed to isolated protein fractions from wheat and apple resulted in an upregulation of histamine and tryptase release signifying mast cell degranulation [31] . Moreover, a decreased expression of tight junction proteins suggesting altered intestinal barrier function after allergen exposure was observed as compared to healthy controls [31] . These findings are in line with previous in vivo human studies. Exposing allergens directly to the gastric mucosa of food allergic patients resulted in swelling, hyperemia, and a decrease of tissue histamine and mast cells, presumably due to degranulation [32] [33] [34] . However, there is no study available that directly compares the 2 approaches, likely due to current ethical constraints.
Using biopsy samples as ex vivo models also has several limitations, the foremost being scarcity of tissue availability. While this sampling procedure is relatively easy to perform, the logistics surrounding tissue collection, including sedation or even anaesthesia is often difficult to justify purely for research associated purposes. Additionally, the size and number of samples is very limited. The viability of the samples themselves can only be maintained for a short period of time, depending on the organ from which the sample is taken, as well as the cultivation method [31] . Therefore, long-term experiments are not possible with the currently available technology. Biopsy sampling generally affects both the luminal and basal sides of the tissue and therefore site-specific investigations cannot be performed. An additional limitation is the relative isolation of the system itself. Since the tissue is extracted from the body, it cannot be used to observe the migration of cells in or out of the organ of interest.
Precision cut organ slices
Similar to the biopsy models, precision cut organ slices (PCOS) utilize pieces of cultivated human tissue from various sources. This can be an inventive use of otherwise discarded tissue. PCOS are created using a specialized tissue slicer to generate 50-to 400-µm-thick slices. The thickness is important as it affects the nutrient and gas exchange which is key for viability [35] . Depending on the organ from which the samples are derived, PCOS can maintain their viability for several days up to weeks [36] . PCOS contains all relevant cells of interest (structural cells such as heterogeneous epithelial cells, smooth muscle cells, fibroblasts and immune cells including macrophages and mast cells embedded in organ-specific extracellular matrix) and maintains the 3-dimensional structure of the organ. As in the biopsy models, it is also possible to obtain tissue directly from allergic individuals. However, due to the complexity of tissue sampling, many groups have used a passive sensitization approach with serum from allergic individuals before allergen provocation is performed. This allows for the comparison of sera from multiple, well characterized donors against the same background. Thus, disease specific serological differences can be assessed (Fig. 2D) .
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Precision cut lung slices (PCLS) have been used to study many different disease models including asthma, chronic obstructive pulmonary disease, respiratory infections and fibrosis [37] . PCLS passively sensitized with sera from allergic individuals can be stimulated with relevant allergens which causes immediate macroscopic changes in the airway tissue [38] . Bronchoconstriction is a key feature of asthma that can be observed using PCLS with conventional low magnification microscopy and can be blocked by targeting certain receptors (leukotriene/thromboxane) or the addition of other clinically used allergy medications [38, 39] . The viability of PCLS during long-term cultivation has been extensively assessed; structural integrity and inducible bronchoconstriction was shown to last up to 15 days in culture [37] . In addition to gene expression analysis and proteomics, PCLS have also been used to study lung inflammation and cell surface marker expression in models of allergic asthma [40] . Due to the robust characteristics of PCLS, they are currently being used by pharmaceutical and chemical companies for safety and efficacy testing. This will allow for the assessment of new anti-inflammatory and anti-obstructive drugs and acts as a valuable model for research [37, 41] .
Notably, a similar procedure can be done using gut tissue. Precision cut intestinal slices (PCIS) have been utilized for drug metabolism and toxicity studies, in addition to disease models such as intestinal fibrosis [42] [43] [44] . Although this system has not yet been reported in the context of food allergy, it could certainly be a promising model. PCIS have been described to maintain viability for up to 24 hours when cultured, and retain the multicellularity and three dimensional structure of gut tissue which is ideal for an acute allergy model [37, 45, 46] .
Once again, the availability of these tissues represents a considerable barrier for these systems [39] . These models also require substantial time and effort to determine the optimal thickness of slices and culturing conditions, which tends to vary between organs. Since these tissues are extracted from the body, they are considered to be isolated systems, and will not be able to represent the importance of circulation and migration of cells and factors from blood and other tissues or into lymph organs [37] . Additionally, in standard immersion cultures, both sides of the tissue are exposed to the media and added stimulants which limits barrier and resorption related factors that contribute to allergen specific tissue responses.
Coculture systems
As noted, the ideal allergy model for acute allergen response includes all components of the human system which is why human tissue is essentially the best source for these samples. However, the complexity of human tissue models can be overwhelming and difficult to standardize. Therefore, a frequently used alternative to human tissue is to utilize human tumour cell lines. These are not limited by availability and can be tested and observed under very specific conditions. Monocultures of either epithelial cells or immune cells allow for the investigation of individual mechanistic aspects of IgE or non-IgE mediated responses. However, the interplay between cell types is crucial to the allergic response. Thus, coculture models that incorporate both epithelial cells and immune cells integrate barrier related components with immune cell function and provide a more comprehensive approach. Coculture systems can be very effective, especially in the context of permeability, barrier function, and immune cell migration studies after allergen stimulation ( Fig. 2A) .
Bronchial epithelial cells from patients with allergic asthma were tested for their ability to recruit DCs after exposure to Der p 1 (house dust mite allergen). They were shown to 7/13 https://apallergy.org https://doi.org/10.5415/apallergy.2019.9.e4
Human models of food allergy secrete chemokines CCL2, CCL5, and CXCL10 following allergen challenge that enhanced the recruitment of mature monocyte-derived DC precursors into the epithelial layer in a chemotaxis assay [47] .
Caco-2 cells (human intestinal epithelial cells) and RBL-2H3 cells (rat basophilic leukemia cells) were used to test the antiallergic effects of two lactic acid bacterial strains [48] . The bacteria caused an inhibition of mast cell degranulation in the coculture system but failed to show this response during direct interaction with the RBL-2H3 cells. This result suggested the bacterial antiallergic effects work indirectly through interactions with intestinal epithelial cells, which was confirmed via a PCA in vivo mouse model [48] .
Similarly, T84 cells (human intestinal epithelial cells) were cocultured with PBMCs from atopic patients or healthy controls in order to test the effects of Toll-like receptor (TLR) ligands on preventing allergic responses. PBMCs from food allergic patients caused significantly reduced barrier integrity in the epithelial cell layer compared to the control cells during the coculture process. However, exposure of the epithelial cells to a TLR9 ligand prevented this PBMC-induced barrier disruption by increasing the ratio of anti-inflammatory cytokines and reducing pro-inflammatory cytokine production [49] .
Of course, these systems are limited by the fact that not every cell is represented. Moreover, it lacks the structure and movement of live tissue. However, permeability and barrier function experiments are notoriously difficult to do in vivo, especially in humans, thus the coculture systems are a valuable resource for this kind of experiment.
FUTURE DIRECTIONS
There are many other potentially relevant models that have not yet been used in the context of food allergy studies but are worth mentioning in this review.
Lung organoids are 3-dimensional structures that can be created from human progenitor cells derived from different areas of the airway. They have been used to assess the effect of various cytokines on the development of different cell types (ciliated/secretory cells). However, current technology lacks the ability to mimic the complexity of the human lung. Culture conditions for lung organoids are still under review, but this model holds a lot of future potential [50] .
Similarly, adult gastrointestinal stem cells can be used to grow mini gut epithelial organoids [51] . As organoids retain the morphological characteristics of the tissue from which they are derived, they represent a promising 3-dimensional model for allergy development in gut tissue. It has been shown that gut organoids can include all relevant intestinal cells from all 3 germ layers [52] . Intestinal function in terms of peptide absorption and bowel movement in response to histamine has also been shown [52] . They have previously been used to study host-microbial interactions, which would be a very interesting in the context of allergy development as many bacterial species have been proposed to play a role [53] (Fig. 2B) . However, they do not mimic the mechanically active microenvironment of a living intestine (peristalsis and fluid flow), which is where organ-on-a-chip technology may be a more suitable alternative.
Lung-on-a-chip are three dimensional models of human lungs created on microchips that have the capacity to contain both immune cells and epithelial cells. Air and flowing liquid can also be introduced to mimic blood flow [54] . A model of asthmatic bronchoconstriction and bronchodilation has been created by using bronchial smooth muscle tissue engineered on elastomeric thin films. The muscle layer contracts in response to a cholinergic agonist, and exposure to IL-13 causes hypercontractility that mimics asthmatic inflammation. The hypercontraction was also shown to be reversed by using a beta agonist that is clinically used to treat asthmatic patients. This model already shows remarkable potential and could be extremely relevant for treatment development in the near future [55] (Fig. 2C) .
Gut-on-a-chip technology can also mimic peristaltic motions and flowing liquid that recapitulates the physiology of a living intestine. Additionally, all the different intestinal epithelial cell types can be represented and induced to grow 3-dimensional villi while connected by tight junctions [56] . They have already been used to study host-microbe interactions, for an extended period of time so they could also potentially be used to look at the importance of the microbiome in the development and progression of food allergy [57] .
Organ-on-a chip technology represents a promising new avenue of in vitro research. However, the complexity of the human system is extremely difficult to reproduce in a miniaturized system. Due to this, there is still much progress to be made, as optimization and validation strategies of these systems remain undefined.
CONCLUSION
Food allergy costs the United States healthcare system approximately $24.8 billion each year due to the morbidities associated with this disorder [57] . No standardized, approved treatments are available. It is imperative to focus resources towards finding good treatment options for these individuals. In order to do this, appropriate human models are necessary. The ideal preclinical model needs to be representative of the human system and maintains the multicellularity and structural integrity of the organ. All currently available models have their own specific benefits and limitations ( Human models of food allergy 
